arge-scale screening for germline mutations that lead to the onset of disease in adulthood is becoming increasingly possible owing to technical advances. Even when screening is technically feasible, however, it does not necessarily follow that it is desirable. 1 Issues that affect screening include the accuracy, sensitivity, and specificity of the test, the benefit to the patient, the possibly negative ramifications of the results, and the cost. 2 One disease discussed as a plausible candidate for screening is the Lynch syndrome (hereditary nonpolyposis colorectal cancer). 1 The Lynch syndrome is caused mainly by mutations in the DNA mismatch-repair genes MLH1, MSH2, MSH6, and PMS2. Heterozygosity for a mutation results in susceptibility to the cancer. The Lynch syndrome can be identified on the basis of age at onset and the characteristics of the family history that fulfill the Amsterdam criteria for the diagnosis of hereditary nonpolyposis colorectal cancer. 3, 4 The less stringent Bethesda guidelines for this diagnosis have been proposed to help select patients for molecular testing. 5, 6 Even among persons attending clinics for those at high risk for cancer, the sensitivity of the criteria is only 40 to 80 percent, 7 and among unselected patients with colorectal cancer, the sensitivity is 50 percent or less. 8, 9 Therefore, the strategies for diagnosing the Lynch syndrome need to be improved.
One possible improvement that has been suggested is based on the presence of a germ-line mutation in a mismatch-repair gene. However, because searching for mutations in the four mismatch-repair genes is difficult and expensive, molecular prescreening for microsatellite instability of the patient's tumor has been performed. Microsatellite instability is a hallmark of the Lynch syndrome, 10 occurring in more than 90 percent of tumors. 11 Microsatellite-instability status is commonly determined by analysis of five genetic markers. 12 Aside from prescreening for the Lynch syndrome, testing for microsatellite instability is important because of its prognostic and possible therapeutic implications. Patients with colorectal cancer whose tumors have high-frequency microsatellite instability have a more favorable prognosis, independently of stage at diagnosis, than do patients without microsatellite instability. 13 Moreover, according to recent reports, patients with high-frequency microsatellite instability do not benefit from adjuvant chemotherapy with fluorouracil. 13, 14 Consequently, there is a need to determine the status of microsatellite instability in large series of patients with colorectal cancer.
We undertook this study with two aims. The first was to determine the proportion of patients with colorectal cancer who have the Lynch syndrome and the feasibility of molecular screening for the syndrome through the study of unselected patients with newly diagnosed colorectal cancer. The second was to compare the effectiveness of two different techniques to prescreen for mismatch-repair deficiency, genotyping for microsatellite instability and immunohistochemical analysis.
patients
We enrolled 1066 patients with newly diagnosed adenocarcinoma of the colorectum, regardless of age or the presence or absence of a family history of cancer, at six participating hospitals. These hospitals perform the vast majority of operations for colorectal cancer or suspected colorectal cancer in the Columbus, Ohio, metropolitan area (population, 1.5 million). The research protocol and consent form were approved by the institutional review board at each participating hospital, and all patients provided written informed consent. A family medical history, a blood sample of 10 to 20 ml, and a tissue specimen were obtained from each patient.
samples
DNA and RNA were extracted from the EDTA-preserved blood samples with the use of standard methods. The histologic features of the tumor were reevaluated by analysis of the paraffin-embedded tissue block, and an area containing tumor cells was marked on the block. The proportion of tumor cells in the material used for the extraction of DNA exceeded 50 percent in 95 percent of the cases and exceeded 40 percent in the remaining cases. In addition, an area containing no tumor cells (i.e., normal tissue) was marked on the block. Material from the tumor and normal tissue was obtained by microdissection.
microsatellite instability
To determine the microsatellite instability of the tumor, we ascertained the genotypes using five or six polymorphic markers (BAT25, BAT26, D2S123, D5S346, and D18S69 or D17S250 or both) in tumor tissue and unaffected tissue. Results of testing for microsatellite instability were considered positive when an allele was present in the tumor but not in the unaffected tissue. High-frequency microsatellite instability was defined as instability shown by two or more markers, and low-frequency microsatellite instability as instability shown by only one marker; if none of the markers showed instability, the result was considered to be negative.
immunohistochemical staining
Immunoperoxidase staining was performed on formalin-fixed tissue. 15 The primary antibodies used were MLH1 (1:10 dilution, Pharmingen), MSH2 (1:200, Oncogene Research Products), MSH6 or GTBP (1:300, Transduction Laboratories), and PMS2 (C20) (1:400, Santa Cruz Biotechnology).
detection of mutations
To search for germ-line mutations, DNA (obtained from blood or normal colon tissue) was directly sequenced with the use of primers described previously. 8, 16, 17 The sequencing of the MLH1, MSH2, and MSH6 genes covered the promoter regions ( MLH1 and MSH2 only), exons, and the intronic regions adjacent to all splice sites. For PMS2, conversion to haploidy (GMP Genetics) and Western blot analysis were used in addition to sequencing. 15 In search of potentially missed sequence changes, a proprietary method (Ambry Test, Ambry Genetics) was applied to 150 randomly chosen patients among the 208 patients with microsatellite instability. This method included a scan for mutations in all exons and exon-intron junctions of the MSH2 and MLH1 genes with the use of temporal temperature gradient electrophoresis, after which suspect regions were sequenced. All disease-causing mutations, but no additional ones, were confirmed with the use of this technique. We used multiplex ligation-dependent probe amplification (MLPA) (MRCHolland) to search for large deletions in the MLH1 and MSH2 genes. 18, 19 Missense changes in the mismatch-repair genes are common and often pose a formidable problem of interpretation, 20,21 because these changes do not necessarily affect the function of the protein. To determine the clinical significance of these changes, we relied on multiple lines of evidence and experiments (described in the Supplementary Appendix, available with the full text of this article at www. nejm.org). When we obtained no clear indication of the pathogenicity of a missense change or of a neutral mutation, we classified it as a variant of uncertain significance for the purpose of this study. However, probands and family members were carefully counseled with regard to the uncertainty of the interpretation and to its consequences.
methylation of the promoter region of mlh1
A region in the 5' part of the promoter region (i.e., the H region) was studied for methylation with the use of the methylation-specific polymerase chain reaction. 22 Another region closer to exon 1 (i.e., the D region) was studied with the use of combined bisulfite restriction analysis. 23, 24 analytic strategy
Of the 1066 tumors analyzed for microsatellite instability, only 208 that were considered positive were scrutinized further ( Fig. 1 ). All tumors considered positive underwent sequencing of the MLH1, MSH2, and MSH6 genes, MLPA deletion analysis of MLH1 and MSH2, immunohistochemical analysis for the four mismatch-repair proteins, and methylation analysis of the MLH1 promoter region. Selected tumors that showed the presence of the MLH1 protein and the absence of the PMS2 protein were analyzed for mutations in the PMS2 gene ( Table 1 in the Supplementary Appendix).
In addition, in an effort to identify tumors deficient in mismatch-repair proteins that had not been found in the analysis for microsatellite instability, tumors that were negative for microsatellite instability from patients who were at high risk for the Lynch syndrome were studied with the use of immunohistochemical analysis for the MLH1, MSH2, and MSH6 proteins. Of the 858 tumors negative for microsatellite instability, 109 were selected for these additional studies, because the patients were at high risk on the basis of one or more of the following criteria: a diagnosis of colorectal cancer before the age of 50 years, a diagnosis of synchronous or metachronous colorectal or endometrial cancer, and the presence of a first-degree relative with colorectal or endometrial cancer diagnosed at any age. Of the 109 patients, 5 patients (4.6 percent) had an abnormal result on immunohistochemical analysis and therefore underwent both a second microsatellite-instability analysis and sequencing of the suspect gene. In four of these five patients, the tumors were extremely mucinous, and two of these four tumors had high-frequency microsatellite instability when a different area of the tumor with higher cellularity was studied. In these two patients, germ-line mutations were found. We describe these two cases as missed by the analysis for microsatellite instability.
patients
From April 1999 through August 2004, 1581 patients were enrolled in the study. At the time of the data analysis, 1066 of these patients had undergone molecular evaluation. The mean age among these patients was 62.9 years; 90 percent reported that they were white, and 8 percent reported that they were black, percentages that reflected those in the 2000 report of the U.S. Census Bureau for Ohio. 25 Slightly less than half the patients (45 percent) were female.
The study included patients who were seen by results
Figure 1. Analytic Strategy of the Study and Numbers of Patients for Each Analysis.
IHC denotes immunohistochemical, MSI microsatellite instability, and MLPA multiplex ligation-dependent probe amplification. 3, 4 and data on the Bethesda guidelines for this diagnosis are from Rodriguez-Bigas et al. 5 and Umar et al. 6 ‡ Abbreviations are in accordance with the current nomenclature. 26 The letter "c" indicates that the numbering starts with the first nucleotide of the complementary DNA. § The letter "p" refers to the numbering of the amino acids in the protein. ¶ The results of testing for microsatellite instability were originally found to be negative but showed high-frequency status when the test was repeated on a different area of the tumor after an abnormal immunohistochemical finding. ¿ No protein from the affected allele was detected on Western blot analysis of a haploid converted clone. 15 The new england journal of medicine percent), and low-frequency microsatellite instability was detected in 73 tumors (6.8 percent) . No mutations were found in patients whose tumors had low-frequency microsatellite instability.
immunohistochemical analysis
Immunohistochemical analysis had an excellent sensitivity for the detection of tumors with highfrequency microsatellite instability: 123 of 132 tumors that showed high-frequency microsatellite instability (3 analyses failed because of insufficient tumor material on the slides) also showed abnormalities on immunohistochemical analysis for at least one protein (93.2 percent sensitivity; 95 percent confidence interval, 88.9 to 97.4 percent). The sensitivity of immunohistochemical analysis to pinpoint the affected gene in tumors with deleterious mutations was high: MSH2 was detected in 11 of 12 tumors, the MLH1 gene in 4 of 5, MSH6 in 3 of 3, and PMS2 in 2 of 2. In contrast to high-frequency microsatellite instability, low-frequency microsatellite instability showed rare abnormalities on immunohistochemical analysis -staining showed abnormalities in only 10 of 70 tumors.
probands with the lynch syndrome
There were 23 probands with a deleterious mutation ( Table 1) . None of these patients had previously received a diagnosis of the Lynch syndrome. Mutations in MSH2 (13 patients) were more common than mutations in MLH1 (5 patients), MSH6 (3 patients), and PMS2 (2 patients). Five probands had the A˚T mutation of intron 5 in the donor splice site of MSH2, which is the most commonly recurring mutation in a mismatch-repair gene in humans. 27,28 Six of the patients had had a metachronous tumor when they were younger, and three had synchronous primary colorectal cancers. Among the probands, the mean age at diagnosis was 50.4 years (range, 23 to 87). Had testing been limited to those less than 50 years of age -a commonly applied criterion 6 -10 of the 23 probands would not have been detected. Of the 23 probands, 3 fulfilled the Amsterdam criteria for the diagnosis of the Lynch syndrome, 3, 4 and an additional 15 fulfilled the Bethesda guidelines for testing. 5, 6 Five of the 23 probands fulfilled none of these criteria.
pedigree analysis and mutational status of relatives
Of the 23 probands with colorectal cancer and deleterious mutations, to date 21 have received genetic counseling. As part of the counseling, each of the 21 probands was offered confirmation of the results in our study through testing of a new blood sample in a laboratory approved according to the standards of the Clinical Laboratory Improvement Act. Genetic counseling and testing were offered at no cost to all relatives who were found to be at risk. Among a total of 117 relatives who received counseling and testing, test results were positive for the mutation among 52 relatives and negative among 65 relatives (Table 2) . Of the 52 relatives with positive test results, 14 had had a cancer related to the Lynch syndrome and 38 were unaffected at the time of testing (2 of these 38 relatives subsequently received a diagnosis of cancer).
methylation of the mlh1 promoter region
Although the power of immunohistochemical staining to detect hereditary nonpolyposis colorectal cancer is high for the MSH2 and MSH6 proteins, staining for MLH1 and its heterodimer partner PMS2 is often lost in sporadic colorectal cancer due to hypermethylation of the MLH1 promoter region. 29 Among the 135 tumors with high-frequency microsatellite instability, 106 showed methylation of the MLH1 promoter region -the H region, the D region, or both. None of the 23 patients with a germ-line mutation, including 7 with mutations in MLH1 or PMS2, showed methylation in the D region (described in the Supplementary Appendix).
Our study showed that screening large numbers of patients with colorectal cancer is feasible, and in the setting of this clinical trial, screening was well discussion * Of the 119 relatives who received counseling and were offered testing, 2 chose not to undergo testing. † Of these 52 relatives, 14 had previously had a cancer related to the Lynch syndrome and 38 were unaffected at the time of testing. None of the 52 relatives had previously received a diagnosis of the Lynch syndrome. the numerous sequence changes of uncertain interpretation (described in the Supplementary Appendix), some may well be deleterious. A striking fact was that among the 23 probands with the Lynch syndrome, as many as 10 were more than 50 years of age and only 3 fulfilled the Amsterdam criteria for the syndrome. This finding emphasizes the need to search for the Lynch syndrome outside the typical "high-risk" situation. Extensive counseling of 21 of the 23 probands led to the tracing of pedigrees and family members. Acceptance among family members receiving counseling was excellent, and all but 2 of 119 family members at risk who received counseling chose to accept Sequencing denotes the sequencing of the entire gene and, if necessary, searches for large deletions and other rearrangements. IHC denotes immunohistochemical. the offer of testing for the proband's mutation, for 52 of whom the results of testing were positive. These people were referred to their own physicians for high-risk surveillance. Moreover, the results of testing of 65 family members at risk were negative for the mutation, and these people were counseled accordingly.
In the diagnosis of the Lynch syndrome, the key procedure is the sequencing of the mismatchrepair genes for mutations, an undertaking that is demanding and expensive owing not only to laboratory expenses but also to the need for time-consuming interpretation of the sequence tracings. Typically, at least the MLH1, MSH2, and MSH6 genes need to be sequenced when there is no clue to which gene is affected. In large-scale screening, performing this procedure is simply not possible, so prescreening for mismatch-repair deficiency is necessary and has been widely practiced with the use of genotyping for microsatellite instability. 5, 6, 8, 12 Both genotyping for microsatellite instability and immunohistochemical analysis require a pathology laboratory and interpretation by experts. Genotyping for microsatellite instability requires a molecular laboratory as well. However, both methods are much less demanding, together amounting to perhaps 1/10 of the effort required for sequencing three genes. Both methods can be used to measure mismatch-repair deficiency, and, given the similar costs of the two methods, the choice between them will depend on such factors as availability and the sensitivity and specificity of the test. Immunohistochemical analysis as the primary screening method (Fig. 2) has several advantages over genotyping for microsatellite instability, in particular the fact that immunohistochemical analysis is available as part of routine services in general pathology laboratories (Fig. 3) . Limiting the primary screening method to immunohistochemical analysis would not require the involvement of a molecular genetics laboratory, nor in 80 percent of cases would a blood sample need to be obtained. With the use of the strategy diagrammed in Figure 2 , only about 20 percent of patients will need molecular testing, and well less than 10 percent will need to undergo a search for mutations, often in just one gene. Moreover, tumors that do not stain for MLH1 will need to be sequenced for germ-line mutations only if they do not show methylation. This procedure constitutes a considerable savings of time, effort, and cost over the method used in this study.
In our study of 1066 patients, the sensitivity and specificity of genotyping for microsatellite instability, as opposed to immunohistochemical analysis, to detect the Lynch syndrome could have been determined only by performing sequencing, genotyping for microsatellite instability, and immunohistochemical analysis on every sample; but this was not possible, owing to cost constraints. Nevertheless, our results allow us to conclude that the sensitivity of immunohistochemical analysis to detect high-frequency microsatellite instability was . This result is in line with that of a large study in which immunohistochemical analysis had a 100 percent sensitivity to detect high-frequency microsatellite instability among 1144 patients with colorectal cancer. 33 Thus, no great loss in sensitivity will occur if molecular prescreening for microsatellite instability is replaced by immunohistochemical analysis. With regard to sensitivity to detect the Lynch syndrome, our results show that both methods failed to identify 2 of 23 cases. For the two cases not detected with the use of molecular prescreening for microsatellite instability, the initial results were false negative genotyping in DNA obtained from highly mucinous tumors. For the two cases not detected with the use of immunohistochemical analysis (one with a truncating mutation in MLH1, the other with a truncating mutation in MSH2), there was no obvious explanation for the normal-appearing staining of the respective protein. Given that we could not assess the sensitivity by studying all patients with both methods, the question remains, how many patients with the Lynch syndrome may have been missed among the 749 patients with tumors for which the results of testing for microsatellite instability were negative and that did not undergo immunohistochemical analysis. Only indirect evidence can be invoked. For instance, in studies conducted in Finland, where founder mutations account for more than 50 percent of all diagnoses of the Lynch syndrome, 915 patients with colorectal cancer whose test results were negative for microsatellite instability had no founder mutations on mutation-specific testing. 8, 9 We estimate that in our study at most a very small number of patients with the Lynch syndrome were missed.
In the United States, the public health perspective on truly large-scale screening for the Lynch syndrome can be illustrated as follows. On the basis of our data, some 2 percent of the 148,000 patients with newly diagnosed colorectal carcinoma 7 are carriers of a mutation for the Lynch syndrome (2960 carriers), and among the family members of each proband, 3 more carriers can be detected (8880 carriers). Thus, the proposed screening provides an opportunity to diagnose the Lynch syndrome in 11,840 persons annually in the United States. These numbers are only estimates, and the proposed strategies need to be tested on an even larger scale than the present study. The proposed screening does not primarily target unaffected persons; instead, only probands with cancer are targeted. The search for the Lynch syndrome in these patients may be seen as part of an appropriate clinical workup. The way in which the patient is treated will be profoundly affected in the presence of a diagnosis of the Lynch syndrome. For instance, subtotal colectomy is generally recommended because of the high risk of metachronous tumor, 34 and lifelong surveillance for colorectal cancer, endometrial cancer, and other tumors is indicated. 35 A clear benefit of intensified clinical surveillance is well documented. 36 Testing of family members who are at risk for the syndrome allows triage according to the presence or absence of the mutation.
Finally, patients with tumors with high-frequency microsatellite instability have a better prognosis than those with tumors without microsatellite instability, 13 and they may not benefit from fluorouracil-based adjuvant chemotherapy. 13, 14 Thus, determining the mismatch-repair status (with the use of genotyping for microsatellite instability or immunohistochemical analysis) of all patients with colorectal cancer has prognostic implications and may serve as a guide to optimal chemotherapy. screening for the lynch syndrome
